Abstract-This paper presents the graspability map, a novel approach to represent for a particular object the positions and orientations that a given mechanical hand can adopt to achieve a force closure precision grasp. The algorithm is based on the intersection between the fingertip workspaces and the object, plus the verification of a necessary condition for force closure grasps. The maps are computed offline and can be used for comparing the grasp capabilities of different mechanical hands with respect to some benchmark objects. The maps have also potential applications in online grasp and manipulation planning.
I. INTRODUCTION
Neurophysiological studies suggest that prehension movements in humans imply three components: transport, hand orientation and manipulation [1] . The transport component deals with the movement of the arm and hand from an initial position towards the target. The hand orientation provides the relative position and orientation of the hand with respect to the object for achieving a convenient grasp. The manipulation component chooses the finger posture for the action of grasping an object. In the field of robotic manipulation, the same phases can be considered. A motion planner should move the arm and hand from the initial posture towards the chosen hand orientation, providing a collision-free path for this movement. The hand orientation is chosen according to a previous knowledge of the object to be grasped, or based on the general shape of it. Finally, once a relative pose (position and orientation) of the hand with respect to the object is given, the contact points on the object surface are chosen, so that the fingers move to a final configuration to touch the object at the selected points.
Several solutions have been proposed in the context of autonomous manipulation to the problem of planning online the movements required to successfully grasp an object, especially when the scene is cluttered [2] , [3] . In these approaches, in general, a grasp planner is used to compute one feasible force closure precision grasp on the object, and then the movement of the arm is planned to reach the pose of the hand provided by the grasp planner. A verification step is required at some point to determine if the hand pose is reachable in the current scene. If it is not reachable, then a new grasp with a new hand pose must be considered. However, a different approach (more similar to human procedure) can be tried: evaluating at first what hand positions and orientations can be reached in the current scenario, and then planning the collision-free movement of the hand/arm system. All authors are with the Institute of Robotics and Mechatronics, German Aerospace Center (DLR), Wessling, Germany. E-mail: maximo.roagarzon@dlr.de A compact representation of the capabilities of a robotic arm, i.e. of the different poses that the end-effector can adopt to reach different regions of the workspace, is presented in [4] . Such representation, called the capability map, has proved very useful in the fast planning of manipulations with a humanoid robot [5] . Inspired by that work, we propose the creation of the graspability map, a map that represents for a particular object the positions and orientations of a mechanical hand that might lead to a force closure grasp.
The computation of force closure (FC) precision grasps has been extensively studied and solved for 2D [6] , [7] and 3D objects [8] , [9] . However, most of these algorithms are object-centered approaches which do not take into account the hand kinematics in the computational loop, leaving as an additional step the verification of reachability of the computed grasps. Other works include the hand kinematics in the computational loop, therefore providing a grasp configuration and the corresponding hand pose simultaneously, for a particular object and hand [10] , [11] . Recent approaches try to simplify the problem, either by generating sets of starting hand positions for a simplified model of the object to be grasped [12] or by using eigengrasps, i.e. hand postures obtained by a principal component analysis of the full hand configuration space [13] . The eigengrasps are used to create a grasp planner that optimizes the finger poses and wrist position and orientation to get FC grasps on the object. However, the computational times do not allow the system to be suitable for real-time applications, even for the case of a hand with low DOF such as the Barrett hand. Grasp planners could take advantage of a previous knowledge of the hand positions and orientations that might lead to an FC grasp on a particular object, therefore reducing the search space for the planning algorithm.
Besides the potential application of graspability maps in online grasp planning, the same maps can be used to compare the precision grasp capabilities for different designs of mechanical hands. Previous attempts to compare different hands are mainly based on physical characteristics (number of fingers, number of degrees of freedom, type and number of actuators), or features related to the performance (velocity, maximum force applied at the fingertips) [14] . Two indices were presented in [15] to allow the comparison between different hands: an anthropomorphical index, which measures the similarity to the human hand in terms of aesthetic and kinematical aspects, and an index of dexterity, which tries to quantify the ability of the hand to grasp objects based on its kinematic configuration, available sensors and control system. However, aspects such as the reachable workspace of the hand and the relation of the hand structure to the 2011 IEEE/RSJ International Conference on Intelligent Robots and Systems September 25-30, 2011. San Francisco, CA, USA objects to be grasped have not been taken into account. The graspability map considers such aspects, and therefore provides a valuable tool to compare the grasp capabilities of different mechanical hands acting on a particular object.
After this introduction, the paper is organized as follows. Section II summarizes some related works. Section III presents the approach for the offline generation of graspability maps, and provides the implementation details. Application examples are shown in Section IV. Finally, Section V discusses the contributions and future works along this line.
II. RELATED WORK
When the model of the object is known beforehand, such as in applications with semi-structured environments (e.g. a home environment), information useful for speeding up the online computation of a valid grasp can be obtained and stored offline, to be consulted when the online task planner requires it. For instance, the Columbia grasp database stores thousands of grasps for different objects and hands [16] . Using this database, a grasp planning algorithm looks for objects similar to the object to be grasped, and synthesizes new FC grasps based on the grasps stored in the database.
The object geometry has a large influence on the final FC grasps. In [17] , it is considered that some regions on the object surface contribute to high quality grasps more than others. This information is represented in an object-specific grasp map, which can later be used to bias the generation of force closure precision grasps by concentrating on the most promising regions.
The construction of a task map for representing feasible power grasps on a particular object was previously proposed in [18] . The 6-dimensional space of positions and orientations for a particular hand with respect to an object frame is explored using Rapidly exploring Random Trees (RRTs). For a given initial pose, the hand moves forward towards the object until a contact is detected. Then, the fingers are closed until a sufficient enclosing force is achieved, and the object is lifted and slightly rotated to verify that the power grasp is successful. The exploration using RRTs allows the detection of contiguous regions of valid parameters in the pose space. The specification of continuous regions, defined as boxes in the pose space, has also been used for meeting task specifications despite of pose uncertainties [19] .
III. GENERATION OF THE GRASPABILITY MAP
This section presents the approach for computing the graspability map. First, the assumptions and considerations on the hand workspace are presented. Then, the algorithm for computing the graspability map is explained, and the implementation details are discussed, including the sample generation and the verification of the force closure condition.
A. Assumptions
In this work the following assumptions are considered. The object surface is represented by a set Ω of N points, specified by position vectors p i measured with respect to a reference system located in the center of mass CM of the object, and each point p i has an associated surface normal directionn i pointing towards the interior of the object. N is assumed to be large enough to accurately represent the object. The frictional contact between each finger and the object is considered punctual. Coulomb's friction model is used, which states that to avoid slipping, the force f i applied at p i must lie inside the friction cone defined by f t i ≤ µf n i , where µ is the friction coefficient and f t i and f n i are the tangential and normal components of f i . In the 3-dimensional space this model is nonlinear and, to simplify it, the friction cone is linearized using an m-side polyhedral convex cone. Thus, by representing the unitary vector along the j-th edge of the convex cone at the i-th contact withn ij , the grasping force is
The force f i applied on the object at p i generates a torque τ i = p i × f i with respect to CM. f i and τ i are grouped together in a wrench vector given by ω i = (f i τ i )
T . The wrench ω ij generated by a unitary force f i along the edge j of the linearized friction cone is called a primitive wrench. A grasp defined by the set of contact points C = {p 1 , . . . , p n } is associated with the set W of primitive contact wrenches W = {ω 11 , . . . , ω 1m , . . . , ω n1 , . . . , ω nm }.
B. Force closure workspace of the hand
The workspace of the hand depends only on its kinematic configuration. For the computation of precision grasps, however, the whole hand workspace is not exploited, as not all the configurations of the fingers can lead to force closure precision grasps. Let Φ be a set of spatial points located with respect to the base coordinate system of the hand, and reachable for a defined set of hand configurations. The set Φ fc is defined as the set of reachable points for the fingertips, which potentially allow a force closure grasp [20] .
To compute Φ fc , the hand configuration space is uniformly sampled, and the position of the fingertip region is computed via the direct kinematics of the hand. The FC condition can be tested using the normals to the fingertips, a predefined coefficient of friction µ p , and a common coordinate system with its origin located at the centroid of the considered fingertip points. The artificially imposed µ p should be the maximal value expected for the applications of the real handobject system. As an example, Fig. 1a shows for a Barrett hand [21] the set of reachable points for a patch defined on each fingertip . Fig 1b shows for the same hand the set Φ fc , computed with a friction coefficient of µ p = 0.5. Note that in this case the set Φ fc is composed by three different subsets of points, hereafter called φ i , one for each fingertip (Φ fc = φ 1 ∪ φ 2 ∪ φ 3 ).
C. Algorithm
The computation of the graspability map requires the following data:
• A 3D object model (with the assumptions described in Section III-A).
• A set Φ fc of reachable points for the fingertips of a mechanical hand, which potentially lead to force closure precision grasps (Section III-B).
• A friction coefficient µ c that estimates the friction between the fingertips and the object. The algorithm to compute the graspability map works as follows. First, the space surrounding the object that allows a contact between the robot hand and the object is enveloped by a parallelepiped (which is a scaled version of the bounding box of the object). A number of poses for the hand base frame are defined inside this parallelepiped. For each pose, a collision detection between the object and the hand is performed, with the fingers in the configuration of maximum aperture of the hand. If there is no collision, then the intersection ψ i between the object and the workspace φ i for each finger is computed. The set ψ i includes all the points on the object reachable for each finger i. The next step creates the sets ψ Discard the pose 4) Return all the poses in Γ that lead to FC grasps Fig. 3 illustrates some steps in the computation of the graspability map for a banana, using a DLR hand II [22] . Fig. 3a shows different orientations for one potential location of the origin of the hand base frame. Fig. 3b shows the hand in one of these potential poses. Fig. 3c shows the intersection of the workspaces φ i with the object, and Fig. 3d shows the corresponding sets ψ ′ i . A modified version of the VoxmapPointshell (VPS) algorithm [23] was used to compute the intersections, due to the fast responses (below 1 ms) to collision queries. This algorithm basically computes the intersections between voxmaps, voxelized volume structures for static objects, and pointshells, point clouds describing moving objects. For Step 3b, the computations are performed considering the workspaces φ i as static objects, i.e. the global coordinate system is located in the hand base, and the coordinates of the points in Ω are transformed to that system via the transformation matrix describing the relative pose of the object with respect to the hand. The outcome of the VPS algorithm is the set ψ i of intersection points between the workspaces and the object. The following subsections provide more details on the generation of the set Γ, and on the force closure verification.
D. Potential poses for the hand base frame
The generation of the set Γ of potential positions and orientations for the hand base frame works as follows. The space surrounding the object that allows grasping the object with a robot hand is enveloped by a parallelepiped. This space is subdivided into equally-sized cubic voxels. To generate postures, a sphere is inscribed inside each voxel (Fig. 4a) , and on this sphere n points are uniformly distributed. Frames are generated for each point on the sphere, which describe the desired pose of the hand base frame (Fig. 4b) . The normal to the sphere at a sphere point determines the z-axis (blue arrow) of the hand frame. The orientation of the x-and yaxis around the z-axis are sampled equidistantly. If a force closure grasp is found for one specific frame, this fact (but not the associated finger configurations) is saved in the data structure of the graspability map. The availability of a force closure grasp for a hand frame is visualized by a black line perforating the sphere at the corresponding point (Fig. 4c) .
The spheres visualize the graspability for a region of the space. The graspability map is the aggregation of all the considered spheres.
E. Force closure verification
Given one contact force at each fingertip, a necessary and sufficient condition for the existence of an FC grasp is that the origin O of the wrench space lies strictly inside the convex hull of the set W of primitive contact wrenches [24] , from now on represented as CH(W ). Several FC tests based on this necessary and sufficient condition have been proposed, for instance solving linear optimization problems [25] , linear matrix inequalities [26], or using collision checks [27] .
For the generation of the graspability map, the problem is more complex. Given the sets ψ ′ i of reachable points per finger, we must find out if there exist at least one set of contact points C = {p 1 , . . . , p n } such that its corresponding wrenches allow an FC grasp. We use the following proposition.
Proposition 1: Given sets of points {ψ ′ 1 , . . . , ψ ′ n }, a necessary condition for the existence of a force closure grasp for a contact set C = {p 1 , . . . , p n }, where p i ∈ ψ ′ i , is that the convex hull CH(W ψ ′ ) contains the origin of the wrench space, with W ψ ′ the set of primitive contact wrenches for all the points in ψ
For the implementation of Algorithm 1, speed in testing the FC condition in Step 3d is important, as a large number of sample poses is required to generate the graspability map. To speed up the process, Proposition 1 is tested not in the 6-dimensional wrench space, but in the 3-dimensional force and torque subspaces, which leads to an empirical speed increase of about 100x. This option is chosen despite the loss of accuracy due to this approximation.
IV. APPLICATION EXAMPLES
This section presents some examples of graspability maps using two benchmark objects: a banana and a coffee cup, described with 1,703 and 2,731 points, respectively. The computation of the maps was implemented using Matlab in a commodity desktop computer. For the map creation, the parallelepiped enclosing the space around the object was voxelized with voxels of side length 20 mm. To generate the potential poses of the set Γ, 16 points were defined on the sphere inside each voxel, with 12 possible orientations per point (i.e. 192 possible poses per voxel). Fig. 5a shows a visualization of the graspability map for the banana and a 4-finger DLR hand II. The computation using Algorithm 1 takes 7.1 hours. The spheres are colored according to the number of frames on the sphere that allow an FC grasp. Blue indicates regions from which the object is well graspable, and red indicates regions from which the object can only be grasped with few hand orientations. This number, however, does not provide information about directional preferences. It can be seen how the ability of a hand to grasp an object changes around the object. Fig. 5b shows the graspability map for the same object and hand, obtained as a graphical representation of a database with 20,000 FC grasps generated with the grasp algorithm presented in [10] . This representation is equivalent to obtaining a graspability map using a sufficient condition for FC, i.e. all the included grasps are FC, but there are more possible FC grasps on the object which are not considered. Of course, Fig. 5b is a subset of Fig. 5a . On the other hand, Fig. 5a might include poses which actually do not lead to FC grasps, due to the employment of a necessary condition (Section III-E). The real graspability map should lie somewhere in between the two presented maps. The advantage of using a database for creating a graspability map is that the maximum grasp quality achievable from a given voxel can be visualized also on the same map, as shown in Fig. 5c ; blue indicates regions which lead to a high quality grasp. This information is very useful for selecting the most promising directions for obtaining a very robust grasp. Fig. 6 presents the same comparison for a different object, a coffee cup, using the same hand. The computation takes 13.7 hours in this case.
The graspability map is also a useful tool to compare the grasp capabilities of different mechanical hands. For instance, Fig. 7 show the graspability maps for the banana using a 3-fingered Barrett hand, a 4-fingered DLR hand II, and a 5-fingered DLR-HIT hand II [28] . In this case, the potential poses of the set Γ are generated with 50 points defined on the sphere inside each voxel, and 12 possible orientations per point (i.e. 600 possible poses per voxel). Fig. 8 filters the previous results, to show only the spheres which provide the higher number of valid poses to get an FC grasp. Fig. 9 shows the graspability maps for the coffee cup using the same set Γ with 600 poses per voxel.
When comparing the maps for all the hands, the main highlight is that the graspability maps for the 4-fingered hand are much larger than the other two maps. In fact, that hand has a larger size, as shown in Fig. 10 , and has a larger workspace which allows more potential poses to get FC grasps on different objects. For instance, the graspability maps for the banana shown in Fig. 7 contain 11 ,006 valid poses for the Barrett hand, 44,425 for the DLR hand II and 3,687 for the DLR-HIT hand II. In the case of the cofee cup (Fig. 9) , although the 4-and 5-fingered hand are both anthropomorphic, the graspability map for the 5-fingered hand contains most of its points above the cup and towards the handle side, i.e. this hand is able to grasp the cup using basically the handle or the internal surface of the cup.
V. CONCLUDING REMARKS
In this paper we have proposed an algorithm for the offline computation of the graspability map, a representation of the poses for a mechanical hand that might lead to a precision force closure grasp. The map is specific for an object and hand. The algorithm is based on computing the intersection between the object and the workspaces for the fingertips. When a valid set of reachable points is obtained for each finger, a necessary condition for obtaining FC grasps is applied. The map can also be obtained by representing a database of FC grasps on the same object using the specified hand. Although that representation is not exhaustive, it allows the visualization of other type of information, such as the maximum grasp quality obtainable from a given position of the hand.
The approach presented here is focused on precision grasps rather than power grasps, as we want to have a grasp not only to restrain an object, but one that allows some sort of manipulation for a particular task. However, the extension of the approach to power grasps is a future work.
An immediate application of the graspability map is for comparison of the capabilities of different hand designs for grasping or manipulating a specific object. The map can serve for exploration of task-specific capabilities of a hand, even at the design phase. The map has also potential applications for online grasp and manipulation planning, for instance for a fast evaluation of potential directions for grasping an object in a cluttered scene [5] . [ 
